Composite structures used in modern engineering applications are often subjected to circular holes in order to join with metal components via riveting, bolting or pinning joints. These design based holes will interrupt the force flux in the direction of the fibers and create high stress concentrations near the notched area. Objective of the project is to understand the quality of the quasi-isotropic composite laminates ([45°, -45°, 0°, 90°] S ) containing circular hole. To achieve this objective, a 3-phase portal milling machine and a 5kW continuous wave (cw) CO 2 laser system were used to produce the circular holes in the composite laminates. The processing parameters for both the processes are varied to understand its influence. The quality of the circular hole produced by these methods are further investigated and compared in order to arrive at the optimum processing parameters for the given quasi-isotropic composite laminates.
Introduction
Fiber reinforced polymer (FRP) laminates have high stiffness and strength to weight ratio. Stiffness and strength play important roles in restraining design and to improve vehicle crashworthiness. As a result, FRP laminates were preferred engineering material for structural applications in automotive, aerospace, wind energy and marine industries. About 30% of the external surface area of the Boeing 767 consists of composites (Hocheng & Tsao, 2005) . For joining with other components these laminates are often subjected to circular holes. The commonly used mechanical joining method are riveting, bolting or pinning joints. These design based holes will interrupt the flux of the force in the direction of the fibers and create high stress concentrations near the notched area. These high notch stress concentrations are often the possible regions for failure in structural parts (Awerbuch & Madhu, 1985) . As a consequence, this weaken the FRP component significant and prevent the optimal exploitation of the high anisotropic lightweight potential of the composites (Seidlitz et al., 2014) . Since there is an Increasing usage of FRP laminates in the design of structural parts with high mechanical performance, fatigue behavior of holed FRP laminates requires a better understanding (Kroll et al., 2017; Toubal, Karama, & Lorrain, 2005) .
Drilling is often the final operation during assembly and any associated defects leads to rejection of the composite parts. In the aircraft industry, drilling-associated delamination accounts for 60% of all part rejections during final assembly of an aircraft (Khashaba, 2004) . To overcome this difficulty, this project aims to investigate the quality of the hole produced during drilling and the results are compared with hole produced by cw-CO 2 laser system. Thermoset composites are often used for high-heat applications because the thermoset matrix doesn't melt like thermoplastics, which makes it as a functional component for automotive thermal management applications.
Besides thermal management applications, thermoset composites are widely used for due to its excellent dimensional stability, high impact strength, relatively low weight and it makes them as a preferred material in automotive, aerospace, wind energy and marine industries. To maintain the advantages of thermoset composites in automotive components, carbon/epoxy composites are investigated in this study.
Circular Hole in Composite Laminates
This chapter investigates the quality of the hole produced during drilling and laser methods in FRP laminates. Commercially available unidirectional non crimp carbon fiber and epoxy resin were used to manufacture FRP.
[45°, -45°, 0°, 90°] S carbon-epoxy laminates has been manufactured using vacuum assisted resin transfer molding (VARTM) process. VARTM process was preferred because it allows the use of low-cost tooling while still producing high quality composite parts.
The fibre volume fraction of the quasi isotropic composites was maintained at 33%. The investigated material properties are explained in Table 1 . Poisson's ratio 0.27 0.3
Drill Hole Using Milling Machine
A 3-phase portal milling machine (model: BZT-PFE1010-PX) was used for the introduction of a 6mm bore hole in the FRP laminates. 6 mm spiral high speed steel (HSS) drill tool (model: HOLEX jobber drill tool) with a point angle of 118° was used to make circular holes as shown in Figure 1 . 6 mm circular hole was chosen because mostly the automotive industry used 6 mm rivets to join multiple parts. Effects of input variables (feed rate, cutting speed) on hole quality were investigated and for each speed, different feed rate was tested (Table 2) . Table 2 . List of input variables investigated for milling process
Input variables Variation
Cutting speed 3 500, 5 000, 10 000, 15 000, 20 000 and 24 000 min Vol. 6, No. 4; 2017 Figure 2 shows the BZT-PFE1010-PX milling machine. With the help of two clamps, sample was tensioned on the work table and a perpendicular load was applied using a drill tool. 
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Drill Hole Using CO 2 Laser Machine
Laser technology has been developed in order to reduce the load on the work piece, which is produced during drilling. In recent years, it has been increasingly used in industry because it has advantages such as higher cutting speeds, better flexibility, and higher degree of automation compared to other manufacturing processes (Hocheng & Tsao, 2005) . The CO 2 laser produces a beam of infrared light with the principal wavelength bands centering on 9.4 and 10.6 micrometers (μm) (Kincade & Anderson, 2008) . Laser marketplace: innovation opens the door for next wave of success. Laser Focus World.,"; Caristan Charles L., 2004). Compared to other materials, the fiber and matrix of CFRP can very well absorb the emitted radiation energy of CO 2 laser with a wavelength of 10.6 μm. Laser technology is also producing less noise and dust. Hence, a 3D robot assisted 5kW continuous wave CO 2 laser system (cw-CO 2 laser) was used for a circular removal of the material from a component of FRP laminates. For the same cutting velocity, the cut quality will be different for glass fibers and carbon fibers respectively. Material damage also occurs owing to thermal stresses which arise during laser cutting due to high thermal gradients near the cutting zone. Due to varying properties of fiber and matrix, processing parameters were varied to identify the suitable processing condition to produce circular holes in FRP.
A typical cw-CO 2 laser system consisting of the four basic components: resonator, beam telescope, deflection and phase shifter, as well as cutting head with focusing lens and cutting nozzle (Figure 4 ). Beam protection tube and bellows surrounding and shielding the laser beam and a plane mirror is used to deflect and guide the laser beam to work station. A semi-reflecting mirror was used to divide the laser beam and a dished mirror used for forming and focusing. The beam phases can be controlled and the direction of the CO 2 laser light can be changed by using phase shifter ("Technical Information: Laser processing CO2 laser (2007), TRUMPF werkzeugmaschinen GmbH + Co. KG"). Effects of input variables (feed speed, laser power) on hole quality was investigated. For each laser power, different feed speed was tested (Table 3 ). 
Results and Discussion

Milling Machine
Figure 8. Delamination factors vs feed rate
The effect of feed rate on the fiber delamination factor is shown in Figure 8 . Drilling-induced delamination increased with feed rate at any different cutting speed. At 0.001 mm / rev, F d is higher; the reason is that if the feed rate is too low, the machining time between the spiral drill and the laminate is long, this results in high heat production in the laminates. But if the feed rate is increased then the working time is too low. This results in a large compressive force acting on the work piece, which can lead to delamination (Tsao & Hocheng, 2007) . So in between these two conditions, the optimal condition is at a feed rate of 0.01 mm / rev. Figure 9 shows the respective delamination factor on the top and bottom side at varying cutting speeds with a constant feed rate of 0.01 mm / rev. The figure shows that the lowest damage occurs at a speed of 10 000 min Table 4 shows the images of the delamination factor of all holes. It shows the influence of speed and feed rate on the quality. It's clear that increasing speed has negative influence on the delamination and increasing feed rate also has negative influence on the delamination. The combination of 10 000 min -1 cutting speed and 0.01 mm/rev feed rate has the lowest fiber delamination factor. The processing parameters are optimal at this moment. Effect of drilling on the FRP laminates is shown in the microscopic image (Figure 10 ). Uneven cutting on the top layer of the hole is on the problem faced during the drilling. Delamination and the fibre breakage due to this drilling could have a considerable effect on the performance of the notched FRP laminated by drilling.
CO 2 Laser Machine
Figure 11. Cone angle vs laser power at constant feed speed 'in the attached pdf, the word "Linear (1 m/min)" is shown in chinese'
The effect of laser power at constant feed speed on cone angle is shown in the Figure 11 . It shows at constant feed speed, there is a decrease in cone angle with increase in laser power. The reason is that the heat is introduced faster into subsequent laminate layers at higher power, this results in removal of excess materials on lower layers (Riveiro et al., 2012; Sivarao et al., 2015) . Table 5 shows the images of all holes. It shows the influence of feed speed and laser power on the quality. It's clear that increasing laser power has positive influence on cone angle but increasing the feed speed has negative influence on the delamination. The combination of 2.5 m/min feed speed and 1 250 W laser power has the lowest cone angle. For mechanical connections, a small cone angle is required. The processing parameters are optimal at this moment.
A low heat affected zone in the FRP laminate is decisive for a good hole quality. Thermal damage induced in composites are due to high thermal conduction of fibres and low vaporisation temperature of the resin. The high thermal diffusivity (which is directly proportional to the thermal conductivity) of carbon fibers accelerates the heat affected zone in the laminates (Di Ilio, Tagliaferri, & Veniali, 1990; Reza Negarestani) . Since the evaporation temperature of the fiber is higher than that of the matrix material, only the region of damage of the matrix in the individual layers is analysed here. Hence the effect of the temperature on the FRP laminate is further investigated. First, each hole is halved using a cutting machine. Both halves are washed with ethanol, dried with a hot air gun and matrix damage length was evaluated by means of a light microscope as shown in Figure 13 . Vol. 6, No. 4; 2017 Measured matrix damage lengths of the individual samples were plotted over the different carbon fiber layers as shown in Figure 14 . It becomes clear that at constant power of 750 W, matrix damage length for each layer decreases with increase in feed speed. The reason is that the matrix material has less time to evaporate at a higher feed rate. Figure 15 shows that at constant power of 1 000 W, with increase in feed speed also has same influence as of 750 W constant power. Matrix evaporation length is always greater in the lower layers than in the upper layers, the reason could be the heat accumulation at the upper layers in the hole have influence on its subsequent lower layers. Furthermore, it is found that the maximum damage to the matrix always occurs in the 6 th layer (0°). Size of figure 18 was changed because previously all the paramaeters are not visible Figure 18 shows the experimentally measured nominal stress-displacement curve for notch specimen by milling, notched specimen by cw-CO2 laser and unnotched specimen. Only a single specimen in each method is chosen for comparison. Curve shows that failure occurs at a displacement of 2.213 mm for milling, 2.26 mm for laser and 3.13 mm for unnotched specimen. It can be observed that both notched specimen had the similar failure behaviour.
Tensile Test
Conclusion
The optimal method for introducing the circular hole was determined by means of maximum loadable tensile force. During drilling, high axial forces at the tip of the drill are selectively induced into the material. The high axial contact forces acting between drills and composites can cause a separation of the layers. These detached layers are the reason for the low load bearing capacity due to drilling. In CO2 laser system, the energy required for evaporation of the fibers is higher than that for the matrix. This phenomenon is most important when a carbon fiber composite is processed, because carbon fibers are good heat conductors, a large portion of the heat energy introduced is derived from the interface during laser cutting. This results in a large volume of resin evaporating during laser cutting. This can lead to high heat affected zone on the composite. This large amount of thermal influence reduces the load bearing capacity compared to unnotched specimen. Introduction of the hole by cw-CO 2 lasers caused a reduction of maximum force by 27.94% compared to unnotched specimen and the drilling results in a reduction of 26.06%. Since there are only slightly improved characteristic values for milling compared to cw-CO 2 laser process. Laser system can offer high cutting speeds, better flexibility, tool wear and produce less noise and dust compared with milling machine. Laser system offers high degree of automation compared to milling machine because changing drill bit for various diameter hole will increase the processing time in milling and also tool wear will increase delamination in milling. Hence cw-CO 2 laser system can be used for hole machining compared to milling.
